Porous titanium scaffolds have good mechanical properties that make them an interesting bone 27 substitute material for large bone defects. These scaffolds can be produced with selective laser 28 melting, which has the advantage of tailoring the structure's architecture. Reducing the strut size 29 reduces the stiffness of the structure and may have a positive effect on bone formation. Two scaffolds 30 with struts of 120-micron (titanium-120) or 230-micron (titanium-230) were studied in a load-bearing 31 critical femoral bone defect in rats. The defect was stabilized with an internal plate and treated with 32 titanium-120, titanium-230, or left empty. In vivo micro-CT scans at four, eight, and twelve weeks 33 showed more bone in the defects treated with scaffolds. Finally, 18.4±7.1 mm 3 (titanium-120, 34 p=0.015) and 18.7±8.0 mm 3 (titanium-230, p=0.012) bone was formed in those defects, significantly 35 more than in the empty defects (5.8±5.1 mm 3 ). Bending tests on the excised femurs after twelve 36 weeks showed that the fusion strength reached 62% (titanium-120) and 45% (titanium-230) of the 37 intact contralateral femurs, but there was no significant difference between the two scaffolds. This 38 study showed that in addition to adequate mechanical support, porous titanium scaffolds facilitate 39 bone formation, which results in high mechanical integrity of the treated large bone defects. 40
degree rotation step (3 h scan). The CT images were reconstructed using volumetric reconstruction 114 software NRecon version 1.5 (Bruker micro-CT, Belgium). 115
The total bone volume (TBV) was defined as the total bone volume within the 6 mm defect segment 116 including bone formed around the titanium scaffold ( Fig. 2A) The bone volume in pores (BVp) was 117 defined as the bone volume measured within the pore volume (PV) of the titanium scaffold (Fig. 2B) , 118 and is also expressed as a percentage of the pore volume (BVp/PV). TBV and BVp were determined 119 using software CTAnalyser version 1.11 (Bruker micro-CT, Belgium) (supplementary material 3). 120
Biomechanical evaluation 121
The final strength of the treated femurs was measured with three-point bending tests conducted on five 122 samples from each group. In these tests, both supports are chosen as close as possible to the bone-123 scaffold interfaces (distance < 5 mm). Small distance between the bone-scaffold interfaces and the 124 supports ensures that the three-point bending test measures the interface strength of bone and scaffold 125 5 as closely as possible. The contralateral femurs served as controls. To ensure that we tested the entire 126 spectrum, we first sorted the treated femurs according to their BVp and then included every other 127 femur. The bending tests were carried out using a Zwick test machine (Zwick GmbH, Germany) as 128 follows: first, the PEEK plate was carefully removed; the femurs were then supported at the proximal 129 and distal side using two plates that were secured with screws. A plate that exceeded the average 130 pore size applied a downward force to the middle of the porous titanium scaffold, pushing it outside 131 the bone defect. The bending tests were performed at a displacement rate of 2 mm/min until the peak 132 load was reached. The force-displacement curves were recorded and used to determine the maximum 133 force. 134
Histological evaluation 135
Histology was performed on four femurs of each group to study the bone-titanium interface and bone 136 morphology. The specimens were dehydrated in a graded ethanol series, and embedded in 137 methylmethacrylate. Sections of ~20 µm were obtained using a diamond saw (Leica SP1600) and 138 stained with basic fuchsin 0.3% solution (Sigma) and methylene blue 1% solution (Sigma). Bone 139 stains red with basic fuchsin and fibrous tissue stains blue with methylene blue. Unstained sections 140 were examined using an epifluorescent microscope (Axiovert 200MOT/Carl Zeiss) with a triple filter 141 block. 142
Statistics 143
Statistical analyses were performed using SPSS Statistics 17.0 (SPSS Inc, Chicago, Ill). The data are 144 presented as means with standard deviation. One-way Analysis of Variation (ANOVA) and 145 subsequent post-hoc pairwise comparisons with Bonferroni adjustment was used to analyze the 146 differences between the three groups. A repeated measures general linear model was used when 147 examining the longitudinal in vivo micro-CT data. A Pearsons correlation coefficient was used to 148 determine the correlation between BVp, TBV, and the maximum bending force. 149
Results 150 6

Porous titanium scaffolds 151
The different titanium strut sizes and equal pore dimensions resulted in a porosity of 88% in the 152 titanium-120 scaffolds and 68% in the titanium-230 scaffolds ( Table 1 ). The titanium-120 structure 153 had five-fold lower compression strength and a four-fold lower homogenized Young's modulus than 154 the titanium-230 structure (Table 1 ). There was a significant difference in the UCF (p<0.001). The 155 UCF of the titanium-230 scaffolds (530±85 N) was higher than the corresponding bone segments 156 (441±31 N, p=0.022), whereas the UCF of titanium-120 scaffolds (84±11 N) was lower than the 157 corresponding bone segments (p<0.001) (Fig. 3) . 158
Micro-CT evaluation 159
Correct positioning of the porous titanium scaffolds was confirmed by micro-CT directly after surgery 160 in all animals and no dislocation of the porous titanium scaffolds was detected during the follow-up. 161
The titanium-230 structure remained completely intact in all rats, whereas breakage of some struts was 162 seen in six of the nine rats given titanium-120. This occurred after either four (two cases) or eight 163 weeks (four cases), but did not result in loss of fixation or complete loss of structural integrity of the 164 scaffolds. The porous titanium scaffolds were well integrated with the adjacent cortical bone and a 165 progression of the bony bridging was observed over time ( Fig. S1 ), although in some rats small areas 166 of the adjacent cortical underwent changes that may indicate bone resorption (Fig. S2 ). In the empty 167 control group, loss of fixation, due to breakage of the screws, occurred in six out of nine rats. This 168 happened to one rat at four weeks, to four rats at eight weeks, and to one rat at twelve weeks. Those 169 rats were taken out of the experiment at subsequent time points. In the remaining rats, no bridging of 170 the defect had occurred and a consistent pattern of bone resorption of the remaining cortical bone was 171 observed (Fig. S3 ). 172
Treatment with porous titanium scaffolds resulted in more TBV than in the empty controls at 173 all time points (Fig. 4A ). The increase of TBV was most profound between four and twelve weeks, 174 whereas in the empty controls TBV seemed to have reached a plateau phase after eight weeks. At 175 7 twelve weeks, a significant difference in the TBV (p=0.008) was found ( Fig 4B) The porous structure of the titanium scaffolds facilitated bone ingrowth given that an increase 179 of BVp was found at all time points (Fig 5A) . At twelve weeks, the absolute BVp was 7.4±2.3 mm 3 in 180 the titanium-120 scaffolds and 6.0±2.7 mm 3 in the titanium-230 scaffolds (p=0.38) (Fig. 5B ). This 181 resulted in a BVp/PV of 16±5 % in the titanium-120 and 20±9 % in the titanium-230. 182
Biomechanical evaluation 183
The intact femurs that served as control broke at a force of 233±27N. The bending force of the 184 titanium-120-treated femurs was 144±73N (62% of control) compared with 104±38N (45% of 185 control) for titanium-230-treated femurs ( 
Histological evaluation 192
In the histological evaluation, the empty defect sites showed limited bone formation and 193 resorption of the cortical bone at the proximal and distal sites ( Fig. 7A and F) . Within the remaining 194 defect area, abundant fibrous tissue was found. 195
Histology of the titanium groups revealed formation of a major plug of new bone in the 196 medullary canal at both ends of the bone defect. This bone is most likely formed through the process 197 of direct ossification ( Fig. 7B and D) . The newly formed bone extents from this plug into the porous 198 titanium and the inner space of the scaffold. Bone was also abundant at the outer area of the scaffolds, 199
showing signs of an attempt to bridge the defect area. The area inside the porous titanium that was not 200 8 filled with bone was filled with fibrous tissue. The pattern observed correlated well with the bone seen 201 on the corresponding micro-CT images ( Fig. 7G and H) . 202
Bone is directly formed on the surface of the porous titanium scaffold. At some areas, 203 however, a thin layer of fibrous tissue between the titanium and the bone was observed (Fig. 7E) . No 204 signs of foreign body reactions or inflammation were detected. In one titanium-120 sample, a possible 205 development of a hypertrophic non-union was seen, since a cluster of chondrocytes was found at a site 206 suspect to breakage of titanium struts (Fig. 7C) . 207
The injected fluorochrome labels showed the mineralized bone at four (red), eight (green) and 208 twelve weeks (yellow) (Fig. 8) . The observed pattern of fluorochrome labels indicate that bone 209 formation was most active around the titanium-bone interface at the proximal and distal ends of the 210 porous titanium scaffolds (Fig. 8D) . Only limited progression of the bridging of the bone defect 211 through the medullary cannel was seen between the four and twelve weeks (Fig. 8C) , since the label 212 injected at four weeks (red) was found close to the most advanced bone fronts (yellow). 213
Discussion 214
This longitudinal in vivo study supports our first hypothesis that porous titanium scaffolds provide 215 mechanical support in the early phase after implantation, and facilitate bone formation 216 (osteoconduction) over time, resulting in good mechanical strength of the treated femurs after twelve 217 weeks. A lower titanium strut size reduced the homogenized Young's modulus of the scaffold but did 218 not result in significantly more bone formation or higher mechanical strength of the treated femurs, 219 meaning that these experiments did not support our second hypothesis. 220
The osteoconductive properties of porous titanium scaffolds were proven by the fact that more 221 bone had formed in the bone defects treated than in the defects that were left empty. This is in line 222 with previous reports that used a metaphyseal bone defect model in rabbits (14; 21-24). The rat femur 223 bone defect model used here has the advantage that it allows for in vivo micro-CT scanning to monitor 224 bone formation throughout time. Bone formation was measured using a custom-made algorithm that 225 9 first removed the metal artifacts and then selected the areas of newly formed bone (supplementary 226 material 3). Accurate selection of bone was verified using the corresponding histological sections as a 227 reference (Fig. 7) . The in vivo bone measurements showed a gradual increase in bone formation in the 228 rats that received titanium-120 or titanium-230 scaffolds, this bone formation may have still been 229 ongoing, because no plateau phase was reached within the twelve weeks follow-up period (Fig 4A) . 230
The increase in bone regeneration seen in the defects treated with porous titanium scaffolds 231 may be related to the scaffold structure and its mechanical properties. The structure of osteoconductive 232 scaffolds is well defined in terms of pore size, interconnectivity, and porosity (11) and these criteria 233 were met for both structural variants. However, the mechanical properties of the two structural 234 variants were different due to their different strut sizes. Reducing the strut size by ~50% in the 235 titanium-120 structure resulted in a large decrease of the homogenized Young's modulus (Table 1) . 236
The measured homogenized Young's modulus for the titanium-120 is close to the lowest range 237 reported in the literature for porous titanium (8; 14-17) and within the range of human trabecular bone 238 (0.01-2 GPa) (18). Such low homogenized Young's modulus allows for more deformation upon 239 loading, and was therefore hypothesized to result in more bone ingrowth in the titanium-120 scaffolds. 240
However, there was not significantly more bone formed after twelve weeks ( Fig 5B) and a possible 241 explanation could be that the loads that were applied to the titanium-120 scaffolds after implantation in 242 the femoral bone defect were not able to reach the minimum force required to deform the scaffolds. 243
Defining the mechanical properties that would have allowed deformation of the porous 244 titanium scaffolds after implantation was complicated by a number of factors. Although the titanium-245 120 was significantly weaker than the femur segment that it replaced and the titanium-230 was 246 significantly stronger in term of UCF, however bone is able to withstand forces that are at least twice 247 the normal peak loading (19). Furthermore, different bones and even different areas of a bone can 248 have different mechanical properties (18). Finally, not all the mechanical loads will be transferred 249 through the porous titanium scaffolds, since a portion of the load will be transferred to the PEEK 250 10 fixation plate. Preliminary results of a finite element model of this femur bone defect indicates that the 251 division of force is highly dependent on the stiffness of the scaffold, the contact conditions between 252 the scaffold and bone, and the mechanical loading (20). Moreover, the load distribution changes over 253 time as more bone is generated within the scaffold. Taking into account all these factors to define the 254 optimal mechanical properties of porous titanium scaffolds remains difficult. One should therefore 255 take the species, the type of bone that needs to be replaced, and the applied fixation methods into 256 account. 257
Implantation of the titanium scaffolds provided sufficient support to the bone defect, because it 258 did not result in a loss of fixation, whereas in most rats for which the defect was left empty the PEEK 259 plate fixation failed. The ability to provide sufficient support is likely to have contributed to the bone 260 formation in the defect area but is only made possible by the mechanical properties that allow the 261 porous titanium scaffold to function as a load-bearing scaffold in this rat femur defect. The final 262 strength of the treated femurs was measured using three-point bending test. In the three-point bending 263 test, the supports were chosen very close to the bone-scaffold interface, so that the bending test more 264 or less measures the interface strength between bones and scaffold and is therefore somewhat similar 265 to torsion test. The bending forces are surprisingly high, taking into account twelve weeks 266 implantation period and that only about 20% of the pore volume was occupied by newly formed bone. 267
The broken struts seen in the titanium-120 scaffolds, which itself could be explained by the limited 268 compression strength, did not have a negative impact on the maximum bending force. In fact, the 269 maximum bending force was even somewhat higher in the titanium-120 group compared to the 270 titanium-230 group (Fig 6A) . Interestingly, there is a strong correlation between the bending force and 271 the bone volume inside the pores for the titanium-120 scaffolds but not for titanium-230. Possible 272 factors other than bone volume that may affect the strength of the treated femurs could be the bone-273 titanium bonding. Previous studies that used similar heat and surface treatments showed good bone-274 bonding and even indicated a possible osteoinductive role of the modified surface (25). The larger 275 surface area in the titanium-120 scaffolds (Table 1) Tables  372  Table 1 
